The Src-family kinases (SFKs), an intracellularly located group of non-receptor tyrosine kinases are involved in oncogenesis. The importance of SFKs has been implicated in the promotion of tumor cell motility, proliferation, inhibition of apoptosis, invasion and metastasis. Recent evidences indicate that specific effects of SFKs on epithelial-to-mesenchymal transition (EMT) as well as on endothelial and stromal cells in the tumor microenvironment can have profound effects on tumor microinvasion and metastasis. Although, having been studied extensively, these novel features of SFKs may contribute to greater understanding of benefits from Src inhibition in various types of cancers. Here we review the novel role of SFKs, particularly c-Src in mediating EMT, modulation of tumor endothelial-barrier, transendothelial migration (microinvasion) and metastasis of cancer cells, and discuss the utility of Src inhibitors in vascular normalization and cancer therapy.
Introduction
Src family kinases (SFKs) that include isoforms such as c-Src (Sarcoma), Blk (B-lymphoid tyrosine kinase), Fgr (Gardner-Rasheed feline sarcoma), Fyn, Frk (Fyn-related kinase), Hck (Hematopoietic cell kinase), Lck (Lymphocyte specific kinase), Lyn, Yes (Yamagichi sarcoma) and Yrk (Yes-related kinase), each with a unique domain [1] have been implicated in oncogenesis. SFKs are non-receptor tyrosine kinases (nRTKs) that act downstream of receptor tyrosine kinases (RTKs) and integrins in the regulation of various stages of tumor cell proliferation and survival [2] . Among these, c-Src is the most characterized isoform that plays a definitive role in tumor metastasis by regulating earlier stages of cell proliferation such as cell migration, adhesion, and invasion [2] . Src interacts extensively with transmembrane RTKs such as epidermal growth factor receptor (EGFR), platelet derived growth factor receptor (PDGFR), vascular endothelial growth factor receptor (VEGFR) and others [3, 4] in transducing its signal. Although well known for its tumor promoting effects via activation of cellular function, recent studies have identified novel roles for SFKs in epithelial-to-mesenchymal transition (EMT) of cancer cells and in the modulation of tumor microenvironment, particularly the vascular compartment and myofibroblast differentiation. These new reports render reasonable optimism on the development of drugs targeting SFKs for cancer therapy.
Activity modulation of SFKs
All SFK members are made of well-characterized protein domains. Lipid modifications such as N-terminal myristoylation and palmitoylation make Src suitable for the interaction with transmembrane receptor tyrosine kinases (RTKs) [5] . The general structure of SFKs includes lipophilic N-terminus, followed by the regulatory SH3 and SH2 domains, catalytic protein tyrosine kinase (PTK) core and C-terminus regulatory tail that contains the hallmark tyrosine residue (Tyr527 in c-Src) [6] . Phosphorylated Tyr527 interacts and binds with the SH2 domain, keeping the SFK in the inactive conformation. This inactive conformation of SFKs is attached to the inner leaflet of the cell membrane to be activated by signal transductions initiated at the transmembrane or extracellular receptor [5] (Figure 1 ). Thus, SFKs are auto-inhibited by multiple intermolecular interactions. SFKs are activated by protein tyrosine phosphatases that dephosphorylate Tyr527. In addition to dephosphorylation of Tyr527, phosphorylation of a key Tyr416 residue in the activation loop is essential for Src activation. Upon growth factor stimulation, RTKs undergo autophosphorylation on a number of its tyrosine residues at the cytoplasmic domain that serve as docking sites for the SH2 domain of SFKs. As the SH2 domain of SFKs binds to phosphorylated docking sites on RTKs, it exposes the Tyr527 for dephosphorylation by protein tyrosine phosphatases such as PTPα, allowing them to become fully activated and ready to perform cellular functions [5, 7] ( Figure 1 ).
Role of Src in epithelial-to-mesenchymal transition (EMT) in solid tumors
In order to invade and metastasize to distant tissues, cancer cells transform themselves via EMT, modulate the microenvironment, induce tumor angiogenesis as well as undergo proliferation, detachment, migration, invasion, and adhesion thus establishing a new niche through secretion of various tumor derived factors [8, 9] . Activation of Src signaling is crucial to all of the above described aspects of tumor development and tumor microenvironment remodeling [2] . Src interaction with integrins, erythropoietin receptor (EpoR) and various RTKs such as EGFR, HER2, PDGFR, IGF-IR and HGFR leads to survival signal transduction downstream [10] . Src has a prominent role in regulating the cytoskeleton and cell migration. Activated Src interaction with p120 catenin causes dissociation of cell-cell junctions, facilitating cell mobility [11] . Actin based membrane protrusions are promoted through Src via induction of PDGFRα by Twist1 transcription factor [12] . This leads to formation of invadopodia and degeneration of extracellular matrix. While activation of Src enhances invadopodia formation, inhibition of Src activity significantly increases tubulin-based microtentacle (McTN) formation, which enhances capillary retention of circulating tumor cells in vivo [2, 13] , indicating involvement of Src in additional cellular mechanisms leading to tumor cell proliferation [14] . In addition to the various mechanisms described, Src is very important in regulating tumor microenvironment and tumor cell survival. Src mediates VEGF secretion, matrix metalloproteases (MMPs) and interleukin 8 (IL-8) expression that promote angiogenesis and osteolytic bone metastasis through osteoclast activation [2] . In prostate and breast cancer cells, EGF signaling is regulated by androgen receptor (AR)/Src complex [15] . Blockade of AR/Src complex by either Casodex, an androgen antagonist, or S1 peptide, an androgen-receptor derived peptide, impaired AR/Src complex formation thus suppressing Src-mediated, EGF-induced mitogenesis [16] . Src activation promotes downstream kinase stimulation such as extracellular signal-regulated kinase (ERK) dependent formation of actin stress fibers allowing activation of survival signals. Other pro-survival mechanisms include resistance to the programmed cell death (anoikis) due to increased Src-mediated Akt activation and expression of angiopoietin-like 4 protein (ANGPTL4) which hijacks integrin signaling [2] .
EMT is required for tissue structure and function of developing organs during embryonic development [17] and is a feature of pluripotent stem cells [18] . Epithelial cancer cells acquire mesenchymal features that permit their invasion from the primary tumor [19] . Because mesenchymal cells are highly mobile and invasive, this mechanism permits local invasion of tumor cells, a necessary first step in metastasis. Additionally, while epithelial cells are usually subject to anoikis upon detachment from the basal lamina, mesenchymal cells have no such limitation, thereby promoting cancer cell survival [20, 21] . EMT is one of the early steps in the process of cancer metastasis [18] .
The process of EMT includes dissolution and disassembly of barrier adherens-and tightjunctions resulting in baso-lateral polarity [22] . During EMT, cell surface E-cadherin that maintain epithelial connections to neighboring cells will be replaced with N-cadherin that provide more transient adhesive properties as well as reorganization of cytoskeletal elements due to up-regulation of vimentin and downregulation of cytokeratins [23] [24] [25] [26] [27] . Combinations of these changes allow the cell to acquire the ability to leave the primary tumor and invade into the local tissue and blood vessels [19, 28, 29] . EMT may also induce a stem cell-like state in cancer cells; this may enable disseminated cancer cells to develop into macroscopic metastases [30] [31] [32] . A recent report indicates that changes in the expression of cadherins and EMT, which are critical in tumor cell invasion and migration, is controlled by SFKs [19, [33] [34] [35] .
Src has been implicated in EMT because it mediates many of the processes the tumor cell undergoes in order to acquire the ability to invade and disseminate. Drake et al 2011 demonstrated that castration-resistant prostate cancer (CRPC) in men exhibits increased tyrosine phosphorylation due to increased expression of the tyrosine kinase Src in addition to many other tyrosine kinases [36] . Activated SFK expression correlates with the presence of distant metastases in patients with androgen-independent prostate cancer [37] . When enhanced c-Src expression is coupled with enhanced expression of androgen receptor (AR), it results in invasive prostate carcinoma with associated EMT as the initiation of invasive carcinoma is coupled with dynamic alterations in prostate tubule structure. Data from Cai et al 2011 also indicate that the over-expression of constitutively active Src kinase alone is capable of transforming luminal epithelial cell features into mesenchymal type [38] . Ectopic expression of constitutively activated Src and other SFKs such as Fyn and Lyn exhibits distinct differential response to paracrine signals in the initiation of prostate cancer, setting stages for EMT, and presenting a possible specific target of SFK isoforms rather than the entire class of SFKs [39] . Characteristic features of cells that have undergone EMT are evident via phosphorylation of paxillin at Tyr 118 by focal adhesion kinase (FAK), which increases cell motility and survival [40] . Increased Src activity allows EMT while Src inhibition suppresses this process; for this reason, Src is a potentially effective target in preventing tumor metastasis [41, 42] . Data from Cai et al 2011 also show that the Src kinase inhibitor, dasatinib, effectively inhibits active Src kinase-induced invasive carcinoma and EMT in vivo [38] . Other previously known effects of SFKs in EMT are reviewed by Nagathihalli and Merchant [43] .
Studies have also shown activity of Src in relation to EMT in other solid malignancies. In a study performed by Liu et al, breast cancer cells with high metastatic potential that were treated with Src-inhibitor showed altered epithelial morphology and inhibited cancer cell migration [44] . Cells with high metastatic potential became more clustered with each other after treatment with Src-inhibitor. Such changes imply inhibition of EMT via c-Src suppression. In addition, inhibition of EMT by c-Src suppression resulted in changes in expression of transcription factors in breast carcinoma cells as shown by an increase of Ecadherin and decrease of vimentin [44] .
Further evidence suggests contribution of Src in invasiveness of pancreatic ductal carcinoma by inducing E-cadherin repressors that lead to E-cadherin down regulation [43] . Loss of Ecadherin allows epithelial cells to differentiate into mesenchymal type. While normal pancreatic ductal cells have high expression of E-cadherin and β-catenin but reduced expression of mesenchymal markers N-cadherin and vimentin, pancreatic tumor cells have increased expression of these mesenchymal markers [43] . Nagathihalli et al. have discussed unpublished data that show high expression of E-cadherin in tumor tissues treated with dasatinib, a Src family kinase (SFK) inhibitor, when compared to treatment with control in mice tumor tissues [43] . Therefore, Src renders itself as a plausible target for treating pancreatic ductal adenocarcinoma by targeting its effects on E-cadherin. Together, these recent findings open up a new area of research on many other cancers to investigate the role of SFKs in EMT and characterize the downstream signaling ( Figure 2 ).
Modulation of tumor vascular permeability and tumor cell microinvasion by Src
The series of events leading to transition between epithelial cells and mesenchymal cells parallel characteristics of alterations in endothelial cell-barrier function and tumor vascular permeability involved in cancer [45] . Integrity of endothelial monolayer, intercellular contacts between adjacent cells, and focal adhesions anchoring the endothelial lining to its surroundings in the vascular wall are important aspects in the maintenance of normal endothelial-barrier [46] . Studies suggest that activation of Src family protein tyrosine kinases is critical in disrupting endothelial barrier and inducing vascular permeability [46] .
In endothelial cells, binding of vascular endothelial growth factor (VEGF) to VEGFR-2 regulates mitogenic, chemotactic and hyperpermeability signals which renders the vessels leaky [47] . VEGF induces endothelial permeability by two mechanisms. One of them is transcellular transport of substances through activation of Src kinase which phosphorylates Tyr14 on caveolin-1, a primary structural protein of caveolae [48] and phosphorylation of caveolin-2 so that caveolin-1 and caveolin-2 hetero-oligomer formation is inhibited favoring the formation of caveolin-1 structured caveolae [49] . Also, Src is reported to phosphorylate dynamin-2, a GTPase protein that migrates to the neck of caveolae facilitating their pinching from plasma membrane as vescicles [46, 50] . The other mechanism involves paracellular transport which results from alterations in structure and spatial arrangement of endothelial cells by affecting either cytoskeletal association or junctional complex association of SFKs. Junctional complexes comprised of adherens junctions (AJs) and tight junctions (TJs) are important in maintaining endothelial cell-barrier integrity. VE-cadherin (vascular endothelial cadherin) is the fundamental constituent of AJs that provide a molecular bond between cells and link the plasma membrane with the intracellular actin cytoskeleton through catenin family proteins [41, 51, 52] . The adjacent endothelial cells are connected through calcium dependent homophilic adhesion of fifth subunit of their extracellular domains of VEcadherins. The intracellular domain is anchored to the plasma membrane and linked to cytoskeleton through β-, p120-and α-catenins. β-and p120-catenins bind within the VEcadherin C-terminal and juxta-membrane domains, respectively. In this mechanism SFKs associate with VE-cadherin and VEGFR2 (Flk) to form junctional complexes in order to phosphorylate VE-cadherin [53] .
Apart from the physiological levels produced by normal cells, tumor cells exhibit enhanced production of VEGF-A, which upon binding to its receptors activates the intrinsic tyrosine kinase activity of the receptors causing their transphosphorylation [54] resulting in binding of SH-2 domain of SFKs, c-Src in particular to the phosphotyrosines on the receptors. This leads to activation of Src and ultimate phosphorylation of VE-cadherin resulting in dissociation of all junctional complex proteins such as VEGFR, β-catenin subsequently disrupting the endothelial barrier [55] . β-catenin is also subjected to phosphorylation by Src and Fyn on Tyr 654 and Tyr 142 , respectively [56] , causing disruption of complex formed between intracellular domains of VE-cadherin, adaptor proteins and cytoskeleton [57] . VEGF-induced VE-cadherin Tyr 685 phosphorylation mediated by Src is also critical in regulating VEGF-induced migration of endothelial cells and tumor angiogenesis [58] .
VE-cadherin also drives SFK-mediated activation of the PI 3 K (phosphotidyl inositol 3-kinase) by phosphorylating Tyr 688 on p85 regulatory subunit of PI 3 K resulting in the release of p110 catalytic subunit [59] . Through PI 3 K/Akt (protein kinase B) signaling pathway, Src regulates the endothelial-barrier through FoxO1 phosphorylation and cytosolic accumulation. This activation of PI3K governs claudin-5 expression, contributing to junctional organization and permeability control [60] [61] [62] . In such ways, VE-cadherin interaction with the molecules involved in adhesion and cytoskeleton dynamics reinforces cell-cell adhesion and cytoskeletal anchoring, along with modulating intracellular signaling and gene expression.
In addition to AJs formed by VE-cadherins, endothelial barrier function requires TJs formed by claudins and zona occludens (ZO) [52] . The AJs and TJs in endothelial cells are intermingled throughout cell-cell contact areas. The formation, maintenance and remodeling of the intercellular contacts require a functional interaction between these two adhesive structures [63] . This functional relationship involves expression of claudin-5 by VEcadherin; VE-cadherin mediated adhesion enables claudin-5 expression in endothelial cells by preventing the nuclear accumulation of transcriptional regulators FoxO1 and β-catenin, as described in the previous paragraph. Since VE-cadherin is upstream of claudin-5, any changes in VE-cadherin adhesive properties will affect TJs and other levels of endothelial barrier function. Dissociation of β-catenin from the AJs, also due to SFK-mediated phosphorylations of VE-cadherin and β-catenin results in its nuclear localization and suppression of claudin gene transcription.
A recent study revealed that capsiate, a capsaicin-like compound, exerted a direct inhibitory effect on VEGF-induced activation of c-Src and phosphorylation of downstream signaling molecules, such as p125(FAK) and VE-cadherin, hence suppressing VEGF-induced angiogenesis and vascular permeability [64] . Endothelial and hematopoietic cells express DEP-1/CD148, a receptor-like protein tyrosine phosphatase that regulates SFKs. DEP-1 is phosphorylated on Src SH2 domain bound Tyr 1311 and Tyr 1320 , in a c-Src-and Fyndependent manner catalyzing the dephosphorylation of inhibitory Tyr 529 on c-Src resulting in VEGF induced phosphorylation of VE-Cadherin and cortactin to mediate responses such as capillary formation, invasion and permeability [65] .
Phosphorylation of myosin light chain kinase (MLCK) and VE-cadherin by SFKs regulate intercellular junctions. C-Src binding to MLCK causes activation of MLCK allowing cytoskeletal rearrangements and cellular contraction [46] . This contraction may result in dissociation of AJ causing formation of gaps. Focal adhesion kinase (FAK) and paxillin located in focal adhesion complexes are also regulated through phosphorylation by SFKs [46] . Crosstalk between Src and focal adhesion kinase interferes with integrin adhesion and signaling, thus alters endothelial-barrier integrity.
Vascular endothelial growth factor secreted by tumor cells is involved in alteration of endothelial cell integrity via its interaction with c-Src and other SFKs. VEGF stimulation leads to SFKs involved dissociation of protein complex composed of VEGF receptor-2 (Flk-1), VE-cadherin, and β-catenin. Active c-Src causes tyrosine phosphorylation of VEcadherin and β-catenin, which accounts for dissociation of the junctional protein complex. In addition, VEGF may regulate endothelial permeability and VE-cadherin endocytosis through activation of VEGFR2, Src and Vav2 guanine nucleotide exchange factor in that order. C-Src linked with stimulated VEGFR2 promotes VE-cadherin endocytosis by enhancing tyrosine phosphorylation of Vav2, ultimately disassembling endothelial cell junctions and increasing microvascular permeability [46, 66] (Figure 3 ).
Transcription factor Stat5 induces a decrease in the expression of E-cadherin in prostate cancer cells. Treatment of prostate cancer cells with PP2, a Src inhibitor, results in inhibition of Stat5 and its effect of decreased E-cadherin; inhibition also results in decreased binding of prostate cancer cells to endothelial cells [67] .
Depletion of c-Src in triple negative breast cancer cells decreased Cyr61 levels and inhibited, and with its resultant diminished activation of Fak, caveolin-1, paxillin, and p130CAS, c-Src depletion inhibited cellular migration, invasion, and transendothelial migration [68] . MUC1/ ICAM-1 binding, which appears throughout the migratory tract of metastatic breast cancer cells, results in signaling events that promotes in cytoskeletal reorganization and simulated TEndM, and those signal events are dependent on the activity of Src [34] . The MUC1/ ICAM-1 interaction initiates lamellipodial and filopodial protrusion, but this requires the formation of a Src/CrkL signaling complex. Src is required for the recruitment of CrkL and inhibition of Src blocks this signaling cascade [69] .
Src-mediated regulation of Glycogen Synthase Kinase-3 (GSK-3) activity in EMT
Protein kinase B (Akt), a Ser/Thr kinase greatly implicated in oncogenic transformation, tumor growth and metastasis of various cancers negatively regulates the activity of GSK-3 [70, 71] . Akt phosphorylates GSK-3 at Serine 21 and Serine 9 in two different isoforms GSK-3 and GSK-3 respectively and inhibits its activity [72, 73] . These observations raise a question how Akt and GSK-3β can concurrently be active in cancers. We recently provided the first evidence that both Akt and GSK-3 can simultaneously be active in prostate cancer cells and mouse embryonic fibroblasts via another activating phosphorylation of a tyrosine residue in GSK-3 (Tyrosine 216) by Src family of kinases [74] .
Role of GSK-3 in cancer progression has been highly debated following the observations such as local inhibition of GSK-3 enhanced invasiveness, metastasis while global inhibition impaired cell spreading, and migration [75] . In addition, the effects of GSK-3 inhibition on apoptosis and proliferation were controversial [76, 77] . As Akt negatively regulates GSK-3 and since Akt is essential for cancer development, one would expect that inhibition of GSK-3 would promote cancer progression. Surprisingly, inhibition of GSK-3 activity is reported to have tumor suppressive effect in various cancers [78] [79] [80] [81] [82] . Our laboratory recently provided the first evidence that GSK-3α is involved in the regulation of cell survival, proliferation, and rate of tumor growth in both early and advanced prostate cancer cells in vitro, which was evident from the increased expression of pro-apoptotic markers cleaved caspase-3 and cleaved caspase-9 upon silencing GSK-3α in these cells. In contrast, GSK-3β is predominantly involved in the promotion of EMT and acquisition of invasive and metastatic property in advanced prostate cancer cells as silencing GSKβ resulted in the inhibition of cell scattering, establishment of cell-cell contacts, increased expression and membrane localization of β-catenin, and reduced expression of EMT markers such as Snail and MMP-9 [83] . We have also shown that GSK activation as a result of Src-mediated phosphorylation of GSK tyrosine 216 is necessary for prostate cancer cell function in vitro and inhibition of Src activity by Dasatinib, a Src-Abl inhibitor resulted in the inhibition of GSK tyrosine 216 phosphorylation in prostate cancer cell lines. This resulted in the impairment of proliferation, survival and invasion of prostate cancer cells in vitro and impaired tumor growth in vivo [74] .
Regulation of matrix metalloproteinase expression and activity by Src
Matrix metalloproteinases (MMPs) belong to a structurally related family of at least 20 zincdependent endopeptidases that cleave extracellular matrix (ECM) [84] . MMPs have been implicated not only in numerous physiological processes such as fibrillogenesis, wound healing, tissue remodeling and organogenesis, but also in pathological conditions including inflammatory, vascular, fibrotic and auto-immune disorders, as well as carcinogenesis [85] [86] [87] [88] [89] . A wealth of information has been accumulated on the involvement of MMPs in altering the tumor microenvironment, thus aiding cancer progression [87, 90] . Hence, MMPs are proposed to be potential diagnostic and prognostic biomarkers for many cancers [91] . In humans, MMP-2 and MMP-9 exhibit substrate specificity toward type IV collagen, a predominant component of the basement membrane [86, 92] . Intriguingly, their expressions are directly correlated with the metastatic potential [93, 94] , and the incidence of secondary metastasis [95] [96] [97] . Hence, MMPs are being considered as potential therapeutic targets for treatment of cancer [96, 98] .
A lot has been studied on Src-mediated regulation of MMP-1, −2, −9, membrane type of MMP-1 and tissue inhibitor of MMP-1 expression in different cell types [99] [100] [101] [102] . Collagen-IV has been reported to regulate MMP-9 secretion via a Src and FAK dependent pathway in human breast cancer cells [103] . TNF-α has been shown to induce MMP-1 expression via cSrc/EGFR-dependent ERK/AP-1 signaling pathway in human fibroblasts [104] . In another study, gallic acid inhibited the activation of EGFR/Src-mediated Akt and ERK, leading to reduced levels of p65/c-Jun-mediated DNA looping and thus inhibiting MMP-9 expression in EGF-treated MCF-7 breast cancer cells [105] . It was reported that the knockdown of Abl interactor 1 (Abl1), a key regulator of actin polymerization/depolymerization that confers abnormal cytoskeletal functions to cancer cells inhibits the Src-Id1-MMP-9 pathway, impede tumor cell proliferation and migration in breast cancer cells, subsequently limiting tumor growth in xenograft model in mice [106] .
The underlying mechanism through which Src regulates the activation of MMPs varies across the cell types. Src induces the expression of MMP-9 via the c-Jun N-terminal kinase (JNK) signaling pathway and the AP-1 and GT box homologous to retinoblastoma control elements [107, 108] . In 2006, Lee at al., showed that TNF-α induces the expression of MMP-9 by Src mediated EGFR, PDGFR/PI3K/Akt signaling pathway in human tracheal smooth muscle cells [109] . Src has also shown to enhance MMP-1 by regulating the extracellular signal-regulated kinases (ERKs), PEA3 and STAT transcription factors [102] . On the other hand, Src induces MMP-2 expression via transcription activation and ERK/Sp1 signaling [110] . In contrast, the small heat shock protein 27 (hsp27) upregulates MMP-9 in breast cancer cells and promotes invasiveness via inhibition of a Src tyrosine kinase, Yes [111] . Together, these studies demonstrate the indispensable role of Src kinases in the regulation of MMP expression and activation, thus modulating the course of cancer progression.
Importance of Src in myofibroblast differentiation, inflammation and homing of bone-marrow derived cells
Endothelial-barrier integrity is tightly controlled under normal physiological conditions to prevent leaking of inflammatory cells from the blood. Due to the barrier's disruption in cancer, inflammation remains as one of the seven hallmarks of cancer [112] . Proinflammatory mediators like IL-8, VEGF, histamine, thrombin and fibrinogen have all been shown to impact VE-cadherin function because they are potent pro-permeability factors [41] . Src mediated destabilization of VE-cadherin is a major opportunity for inflammatory cells such as leukocytes to extravasate into the tissue, as well access of nutrients and oxygen needed for angiogenesis and tumor proliferation.
Tumor progression, invasion, and eventual metastasis require the activity of many adhesion proteins, including the integrin superfamily [9] . As in inflammatory cell trafficking, key steps of bone marrow derived cell (BMDC) recruitment are potentially mediated by cell adhesion molecules, such as integrin α v β 3 [113] . Integrin α v β 3 is a receptor for extracellular matrix (ECM) proteins that are important bone matrix proteins, and α v β 3 has been identified as a critical integrin in breast cancer and prostate cancer skeletal metastasis. Bone metastatic cells have a higher expression of α v β 3 than the primary tumor, promoting adherence to the bone matrix by binding to osteopontin expressed by bone stromal cells [9] . Adhesiondependent effects in tumor cells promoted by integrins are attributed to activation of focal adhesion kinase (FAK), which recruits other signaling molecules including c-Src. After adhesion, c-Src phosphorylates Crk-associated substrate (CAS), a large adaptor protein implicated in cell invasion and survival. A study conducted by Feng et al [113] revealed that the defective tyrosine phosphorylation of β 3 integrin in a mouse model resulted in impaired endothelial cell adhesion, spreading, migration, tumor angiogenic defects potentially affected by recruitment of other BMDCs [113] . Effects of Src inhibition on individual phosphorylation of integrin and VEGFR2 and VEGF-induced VEGFR2-integrin α v β 3 complex formation etc. are reviewed elsewhere [4] . These findings clearly demonstrate the involvement of SFKs in the phosphorylation of β 3 integrin in the recruitment of BMDCs, and that targeting SFKs could be viable option for halting actions of BMDCs in cancer (Figure 4) .
Myofibroblasts are the activated fibroblasts characterized by the expression of alpha smooth muscle actin (α-SMA) and contribute to excess extra cellular matrix deposition [114, 115] . They are greatly implicated in health (wound healing and tissue repair) [116] [117] [118] and disease (tissue fibrosis, inflammatory diseases, and cancer) [119] [120] [121] [122] [123] [124] . Although the mechanisms of the pathologic activation of fibroblasts are still under investigation, transforming growth factor β (TGFβ), pro-fibrotic cytokine, is proven to be a potent trigger and promoter of myofibroblast differentiation [115, 125] . Some studies have reported the involvement of Src kinases in the non-canonical signaling of TGFβ contributing to fibroblast adhesion, migration, and myofibroblast-mediated ECM assembly suggesting that Src Kinases are pro-fibrotic [126] [127] [128] [129] [130] . Our laboratory has shown that selective Src kinase inhibition using PP2 mimicked the effect of dasatinib (Src-abl inhibitor) in blunting the αSMA expression and modest, but significant inhibition of fibronectin assembly via modulation of the expression of serum response factor (SRF) and hence in attenuating myofibroblast differentiation in both mouse and human fibroblasts [131] .
Potential role of Src in vascular normalization and anti-angiogenic therapy
Angiogenesis, a tightly regulated process is triggered by stimuli such as hypoxia, acidosis, growth factors, oncogenic signaling, hormones, cytokines [132] [133] [134] [135] and is necessary to meet the demands of normal cell or solid tumors. Tumor-induced angiogenesis fuels the growth by providing the tumor with adequate oxygen and nutrients, enabling them to proliferate and metastasize. It also supports cancer-associated inflammation by allowing passage of inflammatory mediators to the tumor site as well as physical process of tumor cell extravasation and metastasis [66] . C-Src is thought to activate signal transducer and activator of transcription (STAT)-3, an important mediator of angiogenesis through VEGF activation [136] . Nestler et al reported the involvement of SFKs in integrin βvβ5-mediated re-endothelialization and neovascularization. Overexpression of human integrin β5 in circulating angiogenic cells resulted in an enhanced phosphorylation of integrin αvβ5 and activation of c-Src leading to increased activation of STAT-3 via phosphorylation of Tyr705 followed by a signaling cascade involving CXCL8, CCL2 gene expression, and angiogenesis [137, 138] . STAT3 is found to be constitutively upregulated in many types of cancers, including hepatocellular carcinoma (HCC), breast cancer, prostate cancer, multiple myeloma, head and neck squamous cell carcinoma etc. Src and other tyrosine kinases mediated activation of STAT-3 regulates the expression of many genes involved in initiation, progression and chemoresistance [139] as well as survival (Bcl-xl, Bcl-2 and survivin), proliferation (cyclin D1) and angiogenesis (VEGF) [140] , thus implicating the role of Src in promoting different cancers via enhanced survival supported by angiogenesis.
Studies performed by Soldi et al [141] showed that phosphorylation of VEGFR2 is enhanced when endothelial cells are plated onto ECM proteins which are ligands for integrin α v β 3 . Further studies showed that interaction between integrin α v β 3 and VEGFR2 stimulated by interplay between ECM ligands and VEGF is essential for the activation of endothelial cells and stimulation of VEGF-induced angiogenesis both in vitro and in vivo [4] . VEGF levels are increased in tumor cells. VEGF induces initial VEGFR2 phosphorylation followed by cSrc recruitment and both events lead to the complex formation between VEGFR2 and β3 integrin. These events promote activation of α v β 3 leading to integrin activation and phosphorylation of integrin β 3 by c-Src. Altogether, these observations point out the direct and specific involvement of c-Src in the regulation of α v β 3 -VEGFR2 cross-talk and the resulting integrin and VEGF-dependent cellular responses underlying angiogenesis [4] .
Pre-clinical studies with anti-VEGF agent show that neutralization of tumor cell-derived VEGF can reverse some of the abnormalities responsible for lack of normalization in microvasculature [142] . However, discontinuation of this therapy yields loss of vascular normalization and pronounced vascular regression, demonstrating transient nature of drug induced normalization phenotype and possibly a "normalization window," which begins with the appearance of normalized vasculature shortly after starting the therapy and ends when the features of normalization are lost [142] . Normalization phenotype may have been lost due to increased anti-angiogenic stimuli leading to extensive vascular regression. However, extensive vascular regression does not correlate with improved response to chemotherapy seen when administered with anti-VEGF therapy, because that would require proper tumor perfusion. Multiple animal model studies indicate that soon after beginning the anti-VEGF treatment, microvessel density is decreased; however, several days after commencing the therapy, tumor perfusion is improved, leading to synergistic effect when used with traditional chemotherapeutics [142] . This paradox may suggest involvement of additional mechanisms and potential for alternative molecular target, such as Src, for vascular normalization. Vascular maturation/normalization demonstrated by experiments on murine model of pancreatic β-cell derived tumors [142, 143] shows evidence of vascular maturation with decrease in endothelial fenestration with tightened associations between endothelial cells and pericyte coverage. Rice et al. in 2012 showed that use of the Srcinhibitor dasatinib on human prostate cancer cells showed reduced induction of angiogenesis in vivo [144] .
Conclusions and Perspectives
As described earlier, Src inhibition is important in maintaining endothelial cell integrity. In order to promote vascular normalization without potential compensatory mechanisms that may be involved after extended VEGF therapy, use of Src inhibitor Dasatinib, in conjunction with anti-VEGF and/or chemotherapy might help to improve the efficacy of anti-angiogenic cancer therapy. Dasatinib may prove to be helpful by avoiding compensatory mechanisms, as it works more downstream in the signaling pathway than VEGF. By inhibiting Src, activity of VEGF receptor and other RTKs that are involved in reducing vascular normalization also can be modulated. A number of Src inhibitors are being tested clinically as monotherapy and in combination with other chemotherapeutic agents for treatment of CML and other hematologic malignancies, castration resistant prostate cancer, bone metastatic prostate cancer, and metastatic solid tumors refractory to conventional therapies (Table 1) . Although pre-clinical and additional clinical studies have yet to determine viability of this notion (Table 2) , using Src inhibitors may show promise in cancer therapeutics by inducing vascular normalization, in addition to many potential benefits discussed in this article. PD180970 ATP-competitive inhibitor of p210 bcr/abl tyrosine kinase pyridopyrimidine [139] [140] [141] 
